Based on SDSS data, we have considered the spatial environment of galaxies with extended polar rings. We used two approaches: estimating the projected distance to the nearest companion and counting the number of companions as a function of the distance to the galaxy. Both approaches have shown that the spatial environment of polar-ring galaxies on scales of hundreds of kiloparsecs is, on average, less dense than that of galaxies without polar structures. Apparently, one of the main causes of this effect is that the polar structures in a denser environment are destroyed more often during encounters and mergers with other galaxies.
Introduction
Polar-ring galaxies (PRGs) are very rare and interesting extragalactic objects. Two large-scale subsystems coexist in their structure: a central galaxy and a ring or disk oriented at a large angle to its major axis (the catalog by Whitmore et al. 1990 ; the SPRC catalog by Moiseev et al. 2011) . As a rule, the host galaxies and the polar structures differ noticeably in their characteristics. The central galaxies in most PRGs are gas-poor early-type (E/S0) galaxies. By contrast, the polar structures are usually gas-rich, have blue colors, exhibit star formation, and generally resemble the disks of spiral galaxies (see, e.g., Some "secondary" event in the PRG history is usually invoked to explain the formation of kinematically and morphologically decoupled structures. Various secondary events are considered: the capture of matter from an approached galaxy (Reshetnikov & Sotnikova 1997; Bournaud & Combes 2003) , the merging of galaxies (Bekki 1998; Bournaud & Combes 2003) , and the accretion of matter from intergalactic space (Maccio et al. 2006; Brook et al. 2008) . Observations show that several PRG formation mechanisms can apparently be realized, but the relative contribution of different mechanisms remains unclear.
One test of the formation models of PRGs is a statistical study of their spatial environment. (For example, if the polar rings are formed mainly during close encounters of galaxies, then one might expect the PRGs to have an excess of close neighbors.) Unfortunately, such studies are very rare so far. Brocca et al. (1997) considered objects from the catalog by Whitmore et al. (1990) and found the spatial environment of PRGs to be similar to that of normal galaxies. From this analysis the authors concluded that if the polar structures are formed during the interaction of galaxies, then these processes mainly occurred very long (billions of years) ago and by now the signatures of interactions and mergers in the PRG environment have been washed out. Finkelman et al. (2012) studied the membership of PRGs selected from the SPRC in known groups of galaxies and concluded that, on average, the PRGs are located in a less dense spatial environment than are the ordinary early-type galaxies.
The goal of this note is to study the spatial environment of various groups of galaxies from the SPRC. The SPRC catalog was compiled on the basis of the Sloan Digital Sky Survey (SDSS), and it is much more homogeneous than the catalog by Whitmore et al. (1990) , which allows the nearest neighborhood of PRGs to be investigated quite comprehensively. 
Analysis of the spatial environment

Samples of galaxies
The SPRC catalog (Moiseev et al. 2011 ) contains 275 galaxies divided into four groups. The first group includes 70 objects that are the best PRG candidates. They are morphologically similar to the classical PRGs from the catalog by Whitmore et al. (1990) . The preceding experience of studying such galaxies has shown that almost all objects with such a morphology are PRGs and contain two large-scale kinematically decoupled subsystems (for examples see fig. 1 in Moiseev et al. (2015) ). Below this group will be referred to as the B (best) sample.
The second group of SPRC objects includes 115 galaxies that are good PRG candidates. We will designate this sample as G (good).
The third and fourth parts of the SPRC catalog contain galaxies that may be related to PRGs (the R (related) sample, 53 galaxies) and galaxies where the presumed polar ring is seen nearly face-on (the P (possible face-on rings) sample, 37 galaxies).
A detailed description of all groups of galaxies is given in the SPRC.
Methods for studying the environment of galaxies
We applied two different approaches to study the environment of PRGs from the SDSS: estimating the distance to the nearest galaxy (companion) and counting the number of companions as a function of the distance to the galaxy. We used the following criteria to classify a galaxy as a companion.
(1) The apparent r magnitude of the companion should not be fainter than the apparent magnitude of the main galaxy increased by 2 m : m comp ≤ m main + 2 m .
(2) The redshift difference between the galaxy being studied and its companion should not exceed 0.001 (300 km/s) or 0.0015 (450 km/s).
(3) The distance between the galactic centers in projection onto the plane of the sky should be less than a preset value dependent on the approach used (see below).
We searched for companion galaxies using the SQL queries to the SDSS server 1 in which the above constraints were specified.
The r-band data on galaxies were taken from the SDSS DR 12 (Alam et al. 2015) . To avoid the errors due to the SDSS incompleteness, we took only objects brighter than r = 16 m from the SPRC. Including less bright galaxies in the sample does not allow us to search for faint companions by the methods described below because of the SDSS limitation on the completeness of spectroscopic data for galaxies (Strauss et al. 2002) . As a result, 22, 20, 29, and 12 galaxies were included in the B, G, R, and P samples, respectively.
I. Distance to the nearest neighbor.
In this approach the distance between the galaxy being studied and its nearest companion (the nearest galaxy satisfying the above magnitude and redshift criteria) was used as an estimate of the spatial density of galaxies. As the distance we used the distance projected onto the plane of the sky expressed either in Petrosian radii (R petro ) of the central galaxy or in kiloparsecs. In the former and latter cases, we searched for companions within 100R petro and 500 kpc, respectively. If no neighbors were found within these regions, then for such galaxies we took 100R petro or 500 kpc, respectively, as an estimate of the distance to the companion (i.e., we used the lower limit).
II. Dependence of the number of companions on distance.
In this test for each galaxy from the sample we determined the number of companions as a function of the distance to the central galaxy. To this end, for each galaxy we found the number of companions within 2, 4, 8, 16, 32, and 64 Petrosian radii and, as a separate test, within 10, 20, 40, 80, 160, and 320 kpc.
III. Comparison sample.
To compare the results of our study of the spatial environment for PRGs and ordinary galaxies, we produced a comparison sample. The following principle was used to produce the comparison sample. For each galaxy of the SPRC catalog we selected galaxies from the entire SDSS with close apparent radii, apparent magnitudes, colors, and redshifts: ∆R petro < 15%, ∆m < 0.15 m , ∆(g − r) < 0.05 m , ∆z < 10%. The limitation in color is important for selecting galaxies of similar types, because the spatial environment depends on the galaxy type (see, e.g., Skibba et al. 2009 ). We added the limitation in redshift in order that the luminosity distributions of SPRC galaxies and comparison galaxies be also similar. On average, about 200 similar galaxies were found for each SPRC galaxy (although this number could be considerably smaller for some galaxies). Thus, we obtained an expanded comparison sample that is larger in volume than the SPRC sample by hundreds of times.
We then drew the working comparison samples from the expanded comparison sample by randomly selecting only one similar galaxy from the entire group for each SPRC galaxy. As a result, not only the volume of the comparison sample is equal to the volume the SPRC catalog, but also the magnitude, redshift, size, luminosity, and color distributions turn out to be close. Multiple repetition of this step allows us to obtain a large number of comparison samples, which makes it possible to perform a series of tests on them, to average the results, and to estimate the errors. Tables 1 and 2 present the results of our test to determine the distance to the nearest galaxy expressed, respectively, in Petrosian radii (Table 1) and kiloparsecs (Table 2) for two limitations in redshift. The second and fourth columns of the tables give the mean values of this parameter for each galaxy subtype from the SPRC (B, G, R, and P) and for the comparison sample (the cmp row). In addition, we combined the B and G types of the most reliable candidates into the BG type to increase the number of galaxies in this group, thereby increasing the statistical weight of the result. The third and fifth columns of Tables 1  and 2 give the root-mean-square (rms) deviations σ; for the subgroups of the SPRC catalog this is the rms deviation from the mean for galaxies in the group, while for the comparison sample this is the rms deviation from the mean for 50 realizations. The nearly zero scatter in the control group is the result of averaging over many realizations of working comparison samples: the term N − 1 2 in the formula for the rms deviation led to a small resulting scatter. It can be seen from Tables 1 and 2 that the mean distance to the nearest galaxy for the best PRG candidates is larger than that for the less reliable candidates and for the galaxies of the comparison sample, with this dependence being more pronounced when measuring the distances in Petrosian radii, i.e., in the relative scale that takes into account the galaxy sizes. As expected, using the weaker limitation on the redshift difference (∆ z ≤ 0.0015) reduces the distance to the nearest galaxy but does not change the above trend. Thus, according to this test, the polarring galaxies are, on average, in a less dense spatial environment than are similar galaxies without polar structures.
Results and discussion
Minimum distance to the nearest neighbor
Dependence of the number of companions on distance
The dependence of the mean number of companions on the distance to the galaxy for various subgroups of the SPRC catalog and for the comparison sample is presented in Fig. 1 (for the distances expressed in Petrosian radii) and Fig. 2 (in kiloparsecs) . The top and bottom panels of these figures show the results obtained for the limitations on the redshift difference ∆ z ≤ 0.001 and ∆ z ≤ 0.0015, respectively. It can be seen from the figures that the dependences for all galaxy types do not differ statistically at relatively small distances (tens of R petro , tens of kiloparsecs). This may be due to the small volume of the PRG samples and, accordingly, the small number of PRG companions.
As the distance increases, the dependences for the most probable PRG candidates (the B and G subgroups) begin to deviate from the dependence for the comparison sample toward a smaller number of companions. This effect is most prominent in Fig. 2 , where the distances are expressed in kiloparsecs. Both figures also clearly show a trend where the dependences for the objects of the B and G subgroups at large distances lie below the dependences for other subgroups and for the comparison sample.
As with the previous test, the results of our analysis suggest that the spatial environment of PRGs turns out to be less dense. The mean number of companions expectedly increases for the tests with a weaker redshift constraints, but the overall character of the dependences is retained or even enhanced.
Conclusions
Using two simple and clear approaches, we investigated the environment of polar-ring galaxies from the SDSS and obtained the following main results.
(1) The mean projected distance to the nearest companion galaxy for PRG candidates is larger than that for galaxies without polar structures. For exam- ple, this difference for the B subgroup reaches a factor of 1.6 for the distance expressed in Petrosian radii.
(2) The mean number of companion galaxies within several hundred kiloparsecs for PRG candidates is smaller than that for ordinary galaxies. These results are consistent with the conclusion reached by Finkelman et al. (2012) , who studied the occurrence of PRGs in galaxy groups and found that the PRGs are predominantly located in a less dense environment than are the normal galaxies. On the other hand, Brocca et al. (1997) previously found no differences in the environment of PRGs and galaxies without polar structures. This may be because the catalog by Whitmore et al. (1990) used by them, which includes a large number of objects that are not PRGs, is less homogeneous.
Of course, the less dense environment of PRGs needs to be confirmed further based on a much larger (and so far lacking) observational material. Nevertheless, the agreement between the results obtained by different methods in our paper and in Finkelman et al. (2012) allows this conclusion to be considered quite plausible.
How can the observed spatial environment of PRGs be explained? On the one hand, the polar structures can undoubtedly be formed during close encounters of galaxies. Several such objects, in which the accretion of matter from one galaxy onto another and the formation of a circumpolar structure are observed directly, are well known (see, e.g., Reshetnikov et al. 1996; Cox et al. 2001; Keel 2004) . However, such structures are apparently relatively short-lived ones, because they will be destroyed during the interaction with neighboring galaxies and during the capture of companions. For example, the long-term evolution of the polar structure formed by external accretion from the intergalactic medium was traced in the cosmological numerical simulations by Maccio et al. (2006) . This structure was destroyed by the dynamical effect of the companion merging with the main galaxy approximately one billion years after its formation. When the authors removed all companions from the environment of the galaxy under consideration, the polar ring existed in their simulations much longer. It is this effect that possibly leads to the observed reduced spatial density of galaxies in the PRG environment; the polar structures have more chances to "survive" in a less dense environment.
On the other hand, the polar rings can be formed through the so-called cool (T ∼ 10 4 K) accretion of gas from filaments in the intergalactic medium (Maccio et al. 2006 ; Connors et al. 2006; Brook et al. 2008 ). This scenario and the formation of a massive polar ring require prolonged (billions of years) and "coherent" accretion of matter (Snaith et al. 2012 ); the latter is more probable in regions with a low density of galaxies. (The influence of nearby galaxies can reorient or even destroy the external accretion flow.) In addition, as has been noted above, the formed polar structure will be able to exist longer in a less dense environment.
